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Solvent effects on surface-grafted and solution-
born poly[N-(2-hydroxypropyl)methacrylamide]
during surface-initiated RAFT polymerizationy
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The difference in the molar mass between surface-grafted and solution-born polymers grown during
surface-initiated (SI) polymerization has caused controversy for years. To understand it, we study the
solvent effects on the polymer formed on the surface and in the solution by investigating their macromol-
ecular parameters. We utilized reversible addition fragmentation chain-transfer (RAFT) polymerization to
grow surface-grafted and solution-born poly[N-(2-hydroxypropyl)methacrylamide] (p(HPMA)) under
different solvent conditions. Changing the solvent proticity and/or polarity influences the solution propa-
gation rate, leading to mass transfer limitations and a concomitant discrepancy in the molar masses of the
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polymer formed in solution and grafted from the surface. Moreover, the solvent effects were found to
directly determine the grafting density of surface-grafted p(HPMA). These results highlight how decisive
the solvent effects on the SI-RAFT polymerization of HPMA are and that they may be key to regulate the
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Introduction

Poly[N-(2-hydroxypropyl )methacrylamide]  (p(HPMA)) rep-
resents the state of the art of biocompatible, non-toxic, and
non-immunogenic polymers and has found extensive use in
drug delivery."™ Its polymer brush coatings on surfaces inhibit
non-specific protein binding (fouling) in various biomedical
applications.”® P(HPMA) brushes showed outstanding hemo-
compatibility and prevented surface thrombogenicity under
dynamic flow conditions.*® In our previous study,'® we
reported that the antifouling performance of the p(HPMA)
brushes increased with increasing grafting density of the
polymer chains. Importantly, we showed how the selection of
the grafting method directly affects the grafting density of the
p(HPMA) coatings on the surface and that denser polymer
brushes can be achieved by the grafting-from (GF) approach.
Methods employed for GF typically rely on controlled radical
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physical and macromolecular parameters of the obtained surface-grafted p(HPMA) brushes.

polymerizations (CRP),""'* such as nitroxide-mediated
polymerization,"*™® atom-transfer radical polymerization
(ATRP)'*>! and reversible addition fragmentation chain-trans-
fer (RAFT) polymerization.>*”*® In particular, surface-initiated
(SI) RAFT polymerization is gaining increased attention due to
its advantageous features, such as excellent monomer compat-
ibility and lack of metal catalysts toxic to cells, which is ben-
eficial for biomaterial applications.”™*

Besides the grafting density of the polymer brush, the
molar mass of the polymer chains on the surface is also an
important physical parameter influencing the coating’s anti-
fouling ability®* but it is challenging to measure it directly.***
The difficulty in accessing the molar mass distribution of
surface-grafted polymer generated during SI polymerizations
comes from the fact that its mass is extremely low, making
analysis by typical methods such as size-exclusion chromato-
graphy (SEC) problematic. While some authors have assumed
that the molar mass of the surface-grafted polymer is compar-
able with that of the polymer grown concomitantly in solution
during the SI-polymerization,®® experimental studies have
demonstrated that the polymer molar mass on the surface and
the solution-born polymers may be similar or differ greatly,
depending on polymerization conditions.’”*° Genzer’s and
Spencer’s groups attributed this discrepancy to a phenomenon
they termed “crowding” during SI-ATRP polymerization at high
grafting density and/or with a high propagation rate.*>"!
Crowding limits mass transfer at the surface, slowing down

This journal is © The Royal Society of Chemistry 2024
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the propagation rate in comparison to that in the solution.
However, it remains an open question to which extent such
effect is present in SI-RAFT polymerization and which factors
may influence it. This is crucial to optimize the GF-method
using SI-RAFT polymerization.

In order to study the SI-RAFT polymerization kinetics of the
surface-grafted polymer, the group of Prof. Barner-Kowollik
introduced single-molecule force spectroscopy (SMFS) as a
powerful method.?® This technique harnesses the sensitivity of
atomic force microscopy (AFM) to record force-distance curves
as individual surface-grafted polymer chains are bound to the
tip and extended during tip retraction to extract their contour
length.*”> To ensure that the whole contour length of the
polymer is accessed during measurement, the chains must be
bound to the AFM tip by their end group.®® For this purpose,
after SI-RAFT polymerization the terminal chain transfer agent
group capping the chains can be conveniently converted to
thiol, allowing for chemical bonding between polymer chain
and a gold-coated AFM tip.'****® Thus, SMFS offers a practical
and effective approach for characterizing the molar mass dis-
tribution of surface-grafted polymer brushes.’****> Brooks
and colleagues conducted a comprehensive evaluation of
SMFS on polymer brushes that had varying grafting densities
and showed excellent agreement between the molar masses
obtained by SMFS and by SEC from de-grafted polymer
chains.®® Several studies demonstrated the reliability of AFM
and AFM-SMFS, establishing them as powerful alternatives for
the molar mass determination of molecular brushes and
surface-grafted polymer chains, which can bypass the difficul-
ties of traditional methods.*>**™*®

The choice of solvent plays a crucial role in the mechanism
of CRP including their solution and surface-initiated polymer-
izations. Solvent effects can differently affect the propagation
rate of various monomers.*® They are also critical when the
solvent molecules determine the interactions between polymer
chains or directly interact with them, for example in polyzwit-
terionic brushes.’®”' Moreover, in ATRP the solvent polarity
affects the reaction kinetics by influencing the rates of acti-
vation and deactivation and the ATRP equilibrium
constant.’”*>%® Similarly, in RAFT polymerization the solvent
composition can influence the fragmentation rate of the RAFT
agent-radical adduct and impact the attainable control and
conversion, as shown by Thang and co-workers specifically for
the RAFT polymerization of HPMA in solution.’*> However,
the effects of solvent composition on the SI-RAFT polymeriz-
ation for the grafting of p(HPMA) brushes remain unexplored,
even though such brushes are of great interest due to their
excellent fouling resistance.

In the current study, we investigate the differences between
surface-grafted and solution-born polymer during the RAFT
polymerization of HPMA by manipulating the solvent compo-
sition. We characterize the conversion and molecular weight
distribution in solution by NMR spectroscopy and SEC and
assess the concomitant growth of surface-grafted p(HPMA)
brushes by spectroscopic ellipsometry and SMFS. Additionally,
we measured the dynamic viscosity of the polymerization solu-
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tions and its shear-rate dependence to address the possible
mass transfer limitations occurring during the SI-RAFT
polymerization, due to the effect of viscosity on diffusion. By
leveraging solvent effects, we verify a discrepancy between
surface-grafted and solution-born polymers in the context of
SI-RAFT polymerization. The influence of solvent composition
on the surface-grafted polymer is revealed to be complex and
act by various simultaneous mechanisms, affecting propa-
gation rate, mass transport and grafting density.

Experimental section
Materials

Silicon wafers (orientation (100)) bearing native silicon oxide
layer were purchased from Siegert Wafer GmbH (Germany).
Copper(i) bromide (CuBr, 99.99%), 2,2-bipyridyl (BiPy, 99%),
4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CTA),
2,2'-azobis(2-methylpropionitrile) (AIBN), triethylamine (TEA,
99.5%) and hexylamine (99%) were purchased from Sigma-
Aldrich (Czech Republic). TEA was purified by distillation over
CaH, before use. All other reagents were used as received.
Dimethyl sulfoxide (DMSO), dimethylformamide (DMF), 1,4-
dioxane and toluene were purchased from Acros Organics
(extra dry, kept over molecular sieves, and filtered using
0.22 um syringe filter before use). The other organic solvents
of analytical grade were from Lach-Ner (Czech Republic) at the
highest available purity and used as received. Deionized (DI)
water was obtained from a Milli-Q purification system (Milli-Q
gradient A10, Merck-Millipore). [11-(2-Bromo-2-methyl)-propio-
nyloxyJundecyltrichlorosilane (Br-silane) and N-(2-hydroxypro-
pyl)methacrylamide (HPMA) were synthesized according to the
procedures reported earlier.>®>”

Synthesis

Self-assembled monolayer on the substrates and CTA immo-
bilization. First, the silicon substrates were cleaned by rinsing
with ethanol and DI water twice, dried under a stream of nitro-
gen, and then activated in a UV/O; cleaner for 20 min.
Immediately, they were immersed in a 0.1% v/v solution of Br-
silane in anhydrous toluene and kept in a dry environment at
room temperature for 3 h. The silicon substrates coated with a
self-assembled monolayer of Br-silane (Br-SAM) were then
washed with toluene, acetone, and twice with ethanol and DI
water, then dried under a stream of nitrogen.® Subsequently,
the Br-SAM substrates were placed in the reactors under the
argon atmosphere and a solution of CTA (66.69 mg,
0.239 mmol), CuBr (6.10 mg, 42.5 pmol), and BiPy (12.99 mg,
83.2 pmol) in deoxygenated anhydrous DMSO (10 mL), pre-
viously purged by argon bubbling for 30 min, was added
under argon and left to react for 24 h at 30 °C to obtain the
CTA-SAM.™ After the modification, the CTA-SAM substrates
were washed with methanol, acetone, and twice with ethanol
and DI water, then dried under a stream of nitrogen.

Surface-initiated (SI) RAFT polymerization of HPMA. A flask
containing HPMA (3000 mg, 20.95 mmol), CTA (3.37 mg,
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12.1 pmol), and AIBN (1.98 mg, 12.1 pmol) sealed with a
septum was purged with argon for 1 h in an ice bath. In the
meantime, the solvents were also purged with argon individu-
ally. Then, 12 mL of the selected composition of water and
DMF or 1,4-dioxane solution mixture were transferred to the
flask containing the solids. The final mixture was transferred
to the reactors containing the CTA-SAM substrates after vigor-
ous stirring to completely dissolve the individual components
of the mixture (Note: The polymerizations could not be per-
formed in pure water due to the insolubility of AIBN and CTA.
Similarly, pure 1,4-dioxane conditions could not be used to
carry out the SI-RAFT polymerization of HPMA due to limited
solubility of monomer). The polymerization was carried out by
placing the sealed reactors with the reaction mixture in a
temperature-controlled oil bath at 80 °C for the specified time.
The polymerization was quenched by opening the reaction
vessels to the atmosphere and rapidly cooling the solution in
an ice bath. 200 pL of the quenched reaction mixture were
transferred to an NMR tube with 500 pL of deuterated dimethyl
sulfoxide (d-DMSO) for NMR measurement of the conversion.
The rest of the solution was dialyzed against DI water (mem-
brane molecular weight cut-off 1 kDa), which was regularly
renewed for 24 h, and then lyophilized. Afterwards, the solu-
tion-born p(HPMA) was characterized by SEC-MALS to obtain
the molar mass and dispersity. Substrates coated with the
p(HPMA) were rinsed with methanol, acetone and twice
washed by ethanol and DI water, then dried under a stream of
nitrogen.

Aminolysis of end groups of surface-grafted p(HPMA) for
SMFS measurement. To promote the chemical binding
between the AFM-tip and the polymer chain-end groups, the
latter were converted to thiol via aminolysis of the CTA. A flask
of anhydrous ethanol and a flask containing hexylamine
(20 pL, 0.153 mmol) and TEA (20 pL, 0.143 mmol) were deoxy-
genated by purging with argon for 10 min.** The reaction solu-
tion was prepared by adding 5 mL of degassed ethanol into
the flask with the amines. Then, the amine solution was trans-
ferred to the reactors containing the p(HPMA)-coated sub-
strates at room temperature under argon atmosphere for 3 h.
Afterwards, the substrates coated with p(HPMA) brushes
bearing thiol end groups were washed with methanol, acetone,
and twice with ethanol and DI water, then dried under a
stream of nitrogen. The surface-grafted polymer layers were
fully characterized by SE and AFM-SMFS.

Characterization

Nuclear magnetic resonance (NMR). Samples were collected
for every condition at 0.5 h, 1.0 h, 1.5 h, 2.0 h, 2.5 h, and 3.0 h
and measured by "H-NMR (Bruker Avance III spectrometer
operating at 300.13 MHz (*H) in d-DMSO) to determine the
monomer conversion.

Spectroscopic ellipsometry (SE). Ellipsometric data were
acquired using a J.A. Woollam M-2000X spectroscopic ellips-
ometer operating in rotating compensator mode in the angle
of incidence range 60-70° (with a step of 5°) and spectral
range of 2 = 250-1000 nm. Data were analysed in the
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CompleteEASE software package using multilayer models and
Cauchy dispersion relation for the p(HPMA) layer.

Single-molecule force spectroscopy (SMFS)

The SMFS measurements were performed using an atomic
force microscopy setup microscope (Bruker JPK Nanowizard)
working in force spectroscopy mode with gold-coated tips
(MikroMasch, HQ:CSC38/Cr-Au, consisting of three cantilevers
with a nominal tip radius of 35 nm). The SMFS measurements
were carried out in DI water. After mounting the cantilever,
calibration was done for the sensitivity and the spring con-
stant. The tip separation from the sample was set to 500 nm
and the movement of the force curves was performed with a
frequency of 0.5 Hz. The data was analysed in the Data
Processing software of Bruker JPK. From the measured curves,
the ones with rupture events were selected and were fitted to
the worm-like chain (WLC) model to obtain the contour length
of the polymer chains (see ESIT).*®

Size exclusion chromatography equipped with multiple angle
laser light scattering (SEC-MALS)

The molar mass distribution of the solution-born p(HPMA)
was measured by using a Shimadzu HPLC system equipped
with a Superose 6 column, online UV detector (Shimadzu),
differential refractive index detector (Wyatt Optilab T-rEX) and
multi-angle light scattering (Wyatt Dawn Heleos-II). The
mobile phase used for the measurement was 0.3 M sodium
acetate buffer (pH 6.5) with 1 g L™" of sodium azide flowing at
0.5 mL min~', and the specific refractive index increment
(dn-dc™") of p(HPMA) was taken to be as 0.167.

Dynamic viscosity measurement

Dynamic viscosity was measured using a rotational rheometer
ARES G2 (TA Instruments, USA). Shear flow measurements
were performed at 23 °C in the range of shear rates from 1 to
10 s using cone-plate geometry with a plate diameter of
25 mm and cone angle of 0.1 rad. Additionally, viscosity
measurements were attempted at the polymerization tempera-
ture of 80 °C but could not be carried out due to solvent evap-
oration losses in the open measurement chamber.

Results and discussion

In pursuit of SI-RAFT polymerization conditions providing
poly(HPMA) brushes of controlled parameters, we investigated
the discrepancy between surface and solution polymerization.
We focused on the effect of the solvent composition, as this
was previously shown by Thang and coworkers to have a criti-
cal influence on the propagation rate and attainable control in
the conventional solution-based RAFT polymerization of
HPMA.>* We adjust the solution propagation rate by the
solvent effects and observe the discrepancy in the molar mass
between polymers grown in solution and on the surface. The
set of conditions employed for the SI-RAFT polymerization of
HPMA differed only in composition of the solvent, which con-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Solvent conditions of SI-RAFT polymerization of HPMA®?
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Entry Solvent composition Designation Kapp (min™)
1 DMF 100% Water 0% DMF 100% 0.0013
2 DMF 75% Water 25% DMF 75% 0.0023
3 DMF 50% Water 50% DMF 50% 0.0026
4 DMF 25% Water 75% DMF 25% 0.0035
5 1,4-Dioxane 75% Water 25% 1,4-Dioxane 75% 0.0028
6 1,4-Dioxane 50% Water 50% 1,4-Dioxane 50% 0.0046
7 1,4-Dioxane 25% Water 75% 1,4-Dioxane 25% 0.0039

“ AIBN and CTA are insoluble in pure water.

sisted of mixtures of water and either DMF (polar, aprotic) or
1,4-dioxane (non-polar, aprotic) (see Table 1, pure 1,4-dioxane
was not used due to incomplete solubility of the monomer).
P(HPMA) was grown simultaneously in solution and on the
surface from sites of CTA attachment. Solution-phase RAFT
polymerization follows a well-known mechanism,>** " but
on the surface, the process has a slightly different initiation
(Scheme 1). In this study, the R-group of the CTA was bonded
covalently to the surface (I).

The radicals are initially formed in solution (II) and transfer
reversibly to the thiocarbonylthio (S=C-S) moiety of surface-
bound CTA, leaving behind a radical in the surface-anchored
R-group (II). Subsequently, the surface propagation (III) starts,
involving HPMA monomer diffusion to the radical-bearing
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Surface-grafted poly(HPMA)

HPMA monomer is only partially soluble in pure 1,4-dioxane.

R-group on the surface. In this way, the surface-grafted and
solution-born polymers grow simultaneously (IV) via RAFT
polymerization."® The surface-attached CTA forms a mono-
layer. While its local concentration on the surface is high, its
total amount is very low in comparison with the monomer and
initiator concentrations in solution. Because of this, in
SI-RAFT it is usually necessary to add “free” soluble CTA in the
polymerization mixture in order to attain controlled RAFT
polymerization in solution. This free CTA also aids in the
exchange of radicals between surface and solution to limit ter-
mination, which can be increased on the surface due to the
high local concentration of radicals. In the case of HPMA, a
methacrylamide monomer, termination could occur by radical
mechanisms as well as possibly by chain-end degradation,
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Illustration and chemical structure of propagation on the surface and in the solution during SI-RAFT polymerization of HPMA.
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facilitated by a nucleophilic attack on the thiocarbonyl by the
terminal methacrylamide unit.®"®* Addition of free CTA has
also been shown to be beneficial in the synthesis of molecular
brushes via RAFT using the R-group approach.®*

Initially, we focused on changing mainly the proticity of the
solvent by using mixtures of DMF and water (Table 1, entries
1-4). The molar mass and dispersity of the polymer grown in
solution were monitored via SEC-MALS (see Fig. S1 and
Table S1, ESIt). For each DMF/water composition, the solution
polymerization showed a near-linear pseudo-first-order
kinetic, pointing to a controlled radical polymerization (see
Fig. 1a and b) with a narrow dispersity (see Fig. 1c). In com-
parison with pure DMF, the conversion increased by 1.6, 1.8
and 2.1 times and the molar mass increased by 1.5, 2.3 and
2.8 times in the solution when the water content changed to
25%, 50% and 75%, respectively (see detailed value at
Table S1, ESIt). We performed a linear regression fit of the
conversion plots using eqn (52)} to obtain the apparent propa-
gation rate constant kp, app. kp, app gradually increased with the
increase in solvent proticity, i.e. higher percentage of water
present in the polymerization mixture (Table 1). These results
are comparable with Thang’s study in that having more water
in the solution is beneficial for the control of the RAFT
polymerization of HPMA.>*

Their work also presented temperature-dependent NMR
experiments and computational simulation as evidence that in
aprotic solvent, the intra- and intermolecular hydrogen bonding
between polymer chains and monomer leads to retardation due
to hindered fragmentation of the RAFT adduct. Increasing
amounts of water in the solution mitigates the retardation.
Notably, a control experiment was performed, where no free
soluble CTA was added in the polymerization mixture (i.e. the
only CTA present was the one immobilized on the surface). The
obtained polymer demonstrated the expected uncontrolled
polymerization process (Fig. S12 and S13, ESIf) as the surface-
attached CTA does not affect the solution polymerization, prob-
ably owing to its minute amount and limited diffusion.

To analyse the surface-grafted polymers, the course of the
polymerization on the surface was monitored by measuring
the dry thickness of the polymer layer via spectroscopic ellipso-
metry (see Fig. 2a). As the thickness of the layers increases
with time, the surface-grafted polymer chains appear to be
growing during the 3 h of polymerization, suggesting that ter-
mination reactions are not significant on the surface. In the
control experiment carried out without addition of free CTA in
the solution, the thickness growth slows down and stops after
2 h (see Fig. S12, ESIf). This points to termination due to
gradual loss of the CTA end groups and emphasizes the impor-
tance of the added free CTA to enable controlled SI-RAFT.

Interestingly, the thickness of the controlled SI-RAFT did
not follow the trend observed for the conversion and molar
mass in solution. Indeed, the thicknesses obtained after
180 min under conditions DMF 75% (32.2 nm) and DMF 50%
(25.6 nm) were 1.3 and 1.1 times higher than for DMF 100%
(24.2 nm), respectively (see Table S3, ESIf). However, at the
highest water content DMF 25% (14.8 nm) the thickness was
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View Article Online

Polymer Chemistry

(@) = DMF 100%
0.8 - | DMF75%
DMF 50%
= DMF 25%
0.6 -
e |
2 .
‘Efo.4- =
[ | |
= . -
0.2 1 B n
1~ =
|
"
0.0 o P, T P, e oo, e, sy ) P —
0 30 60 90 120 150 180 210
(b) Time (min)
150 -
o .
= i 3
£ 90 -
5 s "
7 60- i "
s | n % n "
304 g s 0
[ |
0 — T T T T T T T T T 1
0 30 60 90 120 150 180 210
(C) Time (min)
2.0
18-
1.6 1
cné f m .
144 i y
: ! : « 1 -
1.2 ] i
1.0 e, prsen v prevm o v, e o s L e pre o
0 30 60 90 120 150 180 210
Time (min)

Fig. 1 Kinetic plots of the solution-born p(HPMA) via SI-RAFT polymer-
ization in the DMF/water system: (a) conversion, (b) M, 5o, and (c) dis-
persity against time. Individual values are reported in Table S1, ESI.{

thinner than that of DMF 100% by 0.6 times. This indicates
that there is less polymer formed on the surface at the highest
solvent water content than in pure DMF, in spite of the
enhanced propagation rate observed in solution.

This journal is © The Royal Society of Chemistry 2024
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To characterize the molar mass of the surface-grafted poly-
mers, we employed SMFS to obtain the contour length distri-
bution from each solvent condition. The force-distance curves

This journal is © The Royal Society of Chemistry 2024
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showing rupture events during retraction of the AFM tips were
fitted according to eqn (S3)f to obtain the contour length, I.
for each sampled polymer chain (see Fig. S3, ESL,} for a repre-
sentative force curve fit) and calculate the number-average
molar mass, M, s (the obtained molar mass distributions are
presented in Fig. S4-S7, ESI}).'***® Increasing water content
in the polymerization mixture leads to increased M, g, in
agreement with the faster propagation observed in solution
(see Table S3, ESIf), however, M, s, showed a decreased
propagation rate at condition DMF 25% compared to DMF
50%. This could be caused by mass transfer limitations: the
propagation rate increases both in solution and on the
surface, but the high local concentration of growing polymer
chains on the surface rapidly depletes the monomer concen-
tration in the interface region. At increasing propagation rates,
the diffusion of reactants to the surface presumably creates a
bottleneck for the continued growth of polymer on the surface,
which lags the solution propagation when the solvent proticity
increases. Moreover, increasing water content in the polymeriz-
ation leads to increased conversion in solution, which could
be associated with an increase in solution viscosity.

We hypothesized that an increase in viscosity could further
limit mass transfer to the surface, as the rate of diffusion has
an inverse dependence with viscosity, which poses a frictional
resistance to diffusion. To assess this possibility, we measured
the dynamic viscosity of the DMF/water polymerization system.
Fig. 3 reports the shear rate dependence of the dynamic vis-
cosity in various p(HPMA) DMF/water solutions at various
polymerization times. We observed an increase in dynamic vis-
cosity with increased reaction time and water content progress-
ively, suggesting that the higher conversion and associated
larger viscosity could play a role in increased mass transfer
limitations at high water contents. Moreover, the shear-thin-
ning behaviour of the solutions at high DMF/low water content
may indicate interactions such as hydrogen bonding between
the polymer, monomer, and solvent molecules. At higher
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Fig. 3 Shear rate dependence of dynamic viscosity in various p(HPMA)
DMF/water solutions at 23 °C.
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water contents, these interactions are disrupted as observed by
a shift in the dependence of dynamic viscosity on shear rate,
when the shear-thinning behaviour (DMF 100% and DMF
75%) changes to a Newtonian fluid behaviour (DMF 50% and
DMF 25%).°® This observation aligns with the conclusions
from Thang and co-workers regarding solution RAFT polymer-
ization of HPMA, where the disruption of these hydrogen-
bonding interactions was found to be the primary mechanism
by which water alleviates retardation and promotes faster
propagation. Nevertheless, this does not explain the paradoxi-
cal tendency of the thickness, which reaches a maximum for
condition DMF 75%, but decreases for conditions DMF 50%
and DMF 25% in spite of the faster propagation in solution.
The amount of polymer formed on the surface is deter-
mined not only by M,, s, but also by the number of chains on
a given surface area, i.e. the polymer grafting density.>**" We
calculated the grafting density in each condition by plotting
M, ur vs. the dry thickness and performed a linear regression
fit using eqn (S6) (see Fig. S11a, ESI{).*" Interestingly, con-
ditions DMF 100% and DMF 75% provided a comparable graft-
ing density of 0.45 chain per nm? but increasing water
content led to lower grafting densities of 0.26 chain per nm?
and 0.16 chain per nm? for DMF 50% and DMF 25%, respect-
ively (see Fig. 2b). For the control experiment without free CTA
in the polymerization mixture, SMFS measurements were
attempted but did not yield reliable results, probably due to
loss of the polymer CTA end groups during SI-RAFT polymeriz-
ation (see Fig. S14, ESI}). Besides its influence on the propa-
gation rate, increased solvent proticity may also affect the
polymerization on the surface by a distinct mechanism. By dis-
rupting polymer-polymer and polymer-monomer hydrogen
bonding interactions on the surface, increased water content
promotes solvent interactions with the grafted polymer.
Accordingly, the grafted p(HPMA) chains would swell and
stretch more due to increased uptake of solvent molecules,
creating a larger steric hindrance with increasing water
content (Scheme S1, ESIf). This limits the ability of the
p(HPMA) chains to grow in close proximity to each other, low-
ering the grafting density. On the other hand, in pure DMF the
p(HPMA) chains would tend to form hydrogen bonds between
the side chains and adopt a more compact conformation.
Thus, the polymer chains can grow closely together and reach
a high grafting density. The lower grafting density in con-
ditions DMF 50% and DMF 25% explains the decreasing thick-
ness in spite of the faster polymerization kinetics in solution.
To further study the solvent effects on the SI-RAFT of
HPMA, we used mixtures of 1,4-dioxane and water at varying
ratios (Table 1, entries 5-7). As 1,4-dioxane is less polar than
DMF, we expect a clear effect of the solvent mixture compo-
sition on the grafting density. The conversion plot showed a
near-linear pseudo-first order kinetic (see Fig. 4a and detailed
values at Table S2, ESIT). However, the molar mass reaches a
plateau after about 120 minutes for 1,4-dioxane 75% and 1,4-
dioxane 50% (see Fig. 4b and detailed values at Table S2,
ESIT), with slightly increased dispersity in comparison to the
DMF/water systems (see Fig. 4c). Compared with the DMF/
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(c) dispersity against time. Individual values are reported in Table S2,
ESLT

water system, we observed that the 1,4-dioxane/water system
had an overall faster propagation rate but a wider dispersity.
Looking at the thickness of the concomitantly formed polymer

This journal is © The Royal Society of Chemistry 2024
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layers (see Fig. 5a), we found that 1,4-dioxane 75% and 1,4-
dioxane 50% reached a higher thickness than those of DMF/
water mixtures. Importantly, increasing the water content to 75%
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(1,4-dioxane 25%) led to a much lower thickness, comparable to
DMF 25%. This agrees with the observations in the DMF mix-
tures, but in the 1,4-dioxane/water system the difference in thick-
ness was even more marked. To assess the grafting density, we
employ SMFS to determine the M,, g, (the obtained molar mass
distributions are presented in Fig. S8-S10 and detailed values at
Table S4, ESIt). We also plotted M, g vs. the dry thickness and
performed a linear regression fit using eqn (S6)} to obtain the
grafting density for 1,4-dioxane/water systems (see Fig. S11b,
ESIt). The grafting density of the p(HPMA) layer in 1,4-dioxane/
water systems greatly decreased with increasing content of water
in the polymerization mixture, in agreement with the results
obtained for the DMF/water system (see Fig. 5b and Table S4,
ESIY), supporting our hypothesis.

Finally, we compared M, so1 and M,, s, in each condition,
starting with the DMF/water system, and verified their discre-
pancy. In Fig. 2c, the position of each point represents My, o
and M, s, at a given polymerization for a given solvent con-
dition. While both M,, s, and M,, 4, increased with increasing
the water percentage, the absolute values show a growing dis-
crepancy, which is seen by M, s increasing faster than M,
sur- At the highest water content (condition DMF 25%) the
largest discrepancy between the M, o and M, g, was
observed in comparison with the other three conditions, with
the ratio My, /My, sur Teaching as high as 2.4. Similarly, in
the case of ATRP polymerizations the enhanced rate of propa-
gation was found to play an important role in the discrepancy
between the M, of the polymer obtained in solution and on
the surface.”® Solvent polarity and water content are critical in
ATRP, as they shift the value of Kyrgp. The enhanced propa-
gation observed in solution RAFT with increasing water
content is caused the facilitated fragmentation of the RAFT
adduct through hydrogen bonding with the solvent. Thus,
both in ATRP and RAFT polymerization, the mechanism is of
central importance for the effect of the solvent and for the
observed differences in M,, between surface and solution. The
comparison reported in our study experimentally demon-
strated that higher propagation rate led to a larger discrepancy
of molar masses between the surface-grafted and solution-
born polymers. We hypothesized the larger discrepancy
between the surface-grafted and the solution-born polymers
was induced by the mass transfer limitation which accompa-
nies the higher solution propagation rate. The increased vis-
cosity caused by higher conversion and M,,, g, for the highest
water content slows down diffusion to the surface further lim-
iting surface propagation and causing it to lag propagation in
solution. Similarly as for DMF/water mixtures, also in the case
of the 1,4-dioxane/water systems the largest discrepancy
between the molar masses of the polymer formed in solution
and on the surface was observed for the highest water content,
i.e. condition 1,4-dioxane 25%. This can be visualized in
Fig. 5c by the larger M;, 4o in comparison to M, g, for each
point for that condition.

It is interesting to compare these results with our previous
observations on the SI-RAFT polymerization of HPMA in
methanol using a low-temperature initiator.’® At 45 °C and
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with a low-temperature initiator, the polymerization proceeded
much more slowly. After 24 h of reaction, the molar mass of
the solution-grown polymer M, s, reached 44.6 kg mol ™" and
the thickness of the grafted p(HPMA) layer was 13.5 nm with
M, sur Teached 49 kg mol™". Notably and in contrast to the
results of our current study, the molar masses of the p(HPMA)
formed in solution and grafted from the surface were found to
be comparable. This can be explained by the much slower
polymerization kinetics, which negated the effect of mass
transport limitations between surface and solution.
Furthermore, the grafting density of the p(HPMA) brushes
obtained under those conditions was 0.18 chain per nm?,
which is comparable to the polymer layers prepared in the
current study in solvent mixtures with 75% of water, both of
DMF and 1,4-dioxane. This is consistent with the methanol
being able to solvate the HPMA monomer and surface-grafted
p(HPMA) thanks to its hydrogen bonding capacity. Taken
together, these results confirm the decisive effect of polymeriz-
ation kinetics on the discrepancy between the molar masses of
the polymer formed in solution and grafted from the surface.
They also support the role of the solvent in determining the
grafting density of the polymer grafted during SI-RAFT.

Conclusions

In conclusion, enhancing the solution propagation rate by
having a higher water content in the solvent leads to a larger
discrepancy between the molar masses of the polymer grown
on the surface and in solution. Importantly, we discover that
the proticity and polarity of the solvent also directly affect the
achievable grafting density of p(HPMA), which could be eluci-
dated through the use of SMFS. This is probably due to the
chains on the surface adopting a more extended conformation
as the polymer-polymer interactions are reduced. As a conse-
quence, in spite of the increased propagation rate, the thick-
ness of the p(HPMA) layer is decreased under higher solvent
proticity and polarity. Therefore, an optimized synthesis of
p(HPMA) brushes via the SI-RAFT polymerization may be
achieved in an aprotic solvent, under the precondition that a
well-controlled CRP in the solution is maintained, in this case
through the addition of a small fraction of water. Importantly,
while in solution RAFT polymerization high conversions are
generally targeted, the associated increase in viscosity contrib-
utes to mass transfer limitations in the surface polymerization
and a discrepancy between solution and surface polymeriz-
ation conditions. The present study highlights the importance
of the solvent effects on SI-RAFT polymerization and how they
act by multiple mechanisms simultaneously, exerting a
complex influence on the polymer grafting process. It must be
noted that the solvent effects discussed in the present report
are specific to the HPMA monomer and its SI-RAFT polymeriz-
ation in aprotic and water-containing solvent mixtures. Thus,
further studies on other monomers and their interactions with
different solvents during SI-RAFT and other SI-polymerizations
present an interesting potential research direction to tune the
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molar mass and the grafting density of surface-grafted poly-
mers. Such considerations are especially important for coating
applications where the grafting density plays a decisive role,
such as biomaterials.
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